Abstract -One of the main disadvantage of the synchronous machines with brushless excitation is that the field winding is not accessible for the de-excitation. The de-excitation process is very slow as the field current flows through the rotating diodes which operate in freewheel mode. Therefore in case of an internal fault, despite the correct operation of the protection relays, the machine could have severe damages. A high-speed de-excitation system for these machines was developed. The deexcitation is achieved by inserting a resistance in the field circuit by a static switch semiconductor based, obtaining a dynamic response similar to that achieved in machines with static excitation. This paper presents the improvement in the de-excitation system in the second commercial 20 MVA hydro generator in operation. In this case, high blocking voltage semiconductor was used, making the dynamic response even better, than in the first hydro generator.
Index Terms -Synchronous generator excitation; AC generator excitation; Brushless rotating machines; Synchronous machines

I. NOMENCLATURE
R f
Resistance of the rotor winding.
L f
Inductance of the rotor winding.
M f
Rotor-stator coupling.
L d
Direct axis synchronous inductance. T ' d Rotor load time constant.
T ' d0
Rotor un-load time constant.
R d
Discharge resistor of the main generator.
I f exc
Excitation current of the exciter.
I f
Rotor current of the main generator.
U gen
Main generator stator voltage. Discharge resistor of the main generator.
R d exc
Discharge resistor of the exciter.
II. INTRODUCTION
YNCHRONOUS machines use protection relays in order to protect them against short circuits, overloads and, in general, abnormal operations or faults that could be dangerous to the power facilities and the operators. For that purpose there are minimum requirements for obtaining adequate protection in the event of faults or abnormal operation [1] . There are many specific protection to protect different parts of the machine, such as the rotor windings and the rotating diodes, for which schemes have been developed [2] - [3] .
In case of internal fault the generator breaker should be opened to eliminate the power system contribution to the fault. These faults cannot be switched off by merely tripping the generator breaker, as it is therefore important to reduce as quickly as possible the source voltage that is driving the fault current supplied by the generator itself. So a rapid deexcitation of the synchronous machine is necessary to limit any possible damage.
The aim of the field suppression system is accelerate the field current decrease in the rotor winding. If the voltage of the field winding is reduced to zero, the current will decrease in accordance with the natural time constant of the field winding. After the trip of the generator breaker, with no current in the armature windings, the time constant depends on the field winding impedance (R f , L f ). This time constant is too large and de-excitation process will take several seconds.
In order to accelerate the de-excitation it is a normal practice to insert an additional resistor. This resistor, known as a discharge resistor, which converts the magnetic field Some generator makers use non-linear discharge resistors combined to the negative voltage injection, which produce even faster de-excitations [4] . Another new technique combines a non-linear resistor, a capacitor and a diode [5] .
All these techniques can be used in machines with static excitation systems, where there are brushes and the field winding can be accessed.
Nevertheless, in synchronous machine with ac exciters and rotating diodes where there are no brushes, called brushless, the rotor cannot be accessed. So the de-excitation time constant cannot be reduced.
A novel high-speed de-excitation system for brushless synchronous machine was developed [6] . This new system was validated by computer simulations and experimental laboratory tests using a special 5 kVA laboratory synchronous machine [7] . After numerous tests, this deexcitation system was successfully commissioned in a large size 15 MVA laboratory synchronous brushless generator place in Bilbao Alstom factory [8] .
The first 20 MVA commercial hydro generator with this de-excitation system was put in operation in September 2013. In this brushless generator the de-excitation constant was reduced four times.
This paper presents the improvements in the second unit of the power plant which is a 20 MVA hydro generator. In this case the non-load de-excitation time constant is reduced from 4s to 0,47 s. This reduction is achieved by the use of larger blocking voltage semiconductors tested under rotating operation.
III. BRIEF THEORETICAL DESCRIPTION OF THE HIGH SPEED BRUSHLESS DE-EXCITATION SYSTEM (HSBDS).
In this section, the basics of the HSBDS are reviewed. The operation principle of the de-excitation system were described in-depth in [7] .
In the event of an internal failure in a synchronous machine, the excitation system must reduce the field current as fast as possible in order to minimize possible damage due to the contribution of the machine to the fault.
In static excitation machines, the existence of brushes allows access to the field winding, and the connection of an additional discharge resistor in the field circuit. In brushless synchronous machines, there is another additional synchronous machine, called the exciter, as shown in Fig. 1 . The exciter feeds DC current to the field winding of the main synchronous machine through a rotating diode bridge.
This system does not include brushes, which is a great advantage from a maintenance point of view. However, this implies that the field winding of the main synchronous machine is not accessible. So in the event of an electrical trip, the field is only suppressed through the field winding of the exciter. The main synchronous machine will be deexcited through the rotating diodes, which operate in freewheel mode, close to a short-circuit condition because the voltage drop across the diodes is negligible compared with the rotor voltage (See Fig. 2 ). So in this type of excitation system the damage would be very severe, even if the electrical protection relays operated correctly, as the short-circuit current supplied by the machine will last several seconds. The time constant at no-load condition (2) only depends on the field winding impedance. In any case, both time constants are inversely proportional to the field winding resistance.
The typical value of the time constant of a large brushless machine is in the range of 0.5 to 1 second for T d´ (1) and 5 to 9 seconds for T d0´ (2) . [9] - [10] The proposed system aims to achieve a transient behavior comparable to that in a brush-fed static-excited machine. It is also intended to maintain the advantages and simplicity of brushless machines, by not depending on any additional external signal from the control system, the protection system or the automatic voltage regulator (AVR).
The proposed de-excitation system consists of a discharge resistor, inserted between the rotating diode bridge and the main machine field winding, with a static switch. This switch is controlled through the voltage measured at the diode bridge by a control circuit, thus eliminating the need for an external signal, via either radio, slip rings or special transformers, as in several solutions from different manufacturers [11] - [14] .
The excitation system and the automatic voltage regulator scheme would remain the same as in a conventional brushless synchronous machine, and the discharge resistor would be connected only if field suppression were to be required.
A diagram of the proposed de-excitation system is shown in Fig. 3 . The components of the system and their connections can be observed: one static switch (semiconductor-based), a control circuit, and a discharge resistor (R d ). The discharge resistor must be dimensioned in order to dissipate the energy stored in the field winding, by considering the insulation voltage of the field winding for the maximum field current. During normal operation of the synchronous machine, a current (I f_exc ) flows through the exciter field winding, as shown in Fig. 3 . This induces an AC voltage in the armature windings of the exciter and current flows through them, feeding the main synchronous machine field winding with a field current (I f ). Consequently, a positive voltage appears at the diode bridge and thus at the field winding (U f ). The positive voltage in the diode bridge makes the control circuit trip the static switch, so the current flows mainly through it, and only a small current flows through the discharge resistance due to the voltage drop across the static switch.
In the event of an electrical trip in a brushless synchronous machine, only the exciter field winding current can be reduced quickly, as the rotor of the main machine is not accessible. By decreasing the current in the exciter field winding, the output voltage at the diode bridge drops. Then, a voltage will be induced in the field winding of the main machine with opposite-to-normal polarity, as it is highly inductive. Thus, the current through the winding would not change suddenly, nor would the magnetic flux. The reverse voltage induced in the field winding causes the voltage in the diode bridge to become slightly negative, and the control circuit will turn off the static switch, hence leading the field current to flow through the discharge resistor (R d ), as shown in Fig. 4 . This operating scheme reduces the de-excitation time constant of the main synchronous machine significantly, by adding the discharge resistor in the circuit, as indicated in (3) and (4) . The resulting transient response of the brushless machine is made comparable to that of a static excitation machine by dimensioning the discharge resistance adequately.
IV. DESIGN OF HSBDS.
During the design of the High Speed Brushless Deexcitation System (HSBDS) several point have to be taken into consideration, as: -Maximum field current during short-circuit. -Maximum energy to be dissipated in the discharge resistor. -Maximum rotor overvoltage.
-Maximum static switch overvoltage.
The overvoltage during the de-excitation take place just before the opening of the static switch, according to the circuit shown in the Fig. 5 and the expression (5) .
At that moment the field current raise it maximum value. The overvoltage depends on the field current and the discharge resistor value. (6)
The maximum overvoltage occurs when the maximum field current flow in the winding, which correspond to the de-excitation some milliseconds after a three-phases shortcircuit. The maximum overvoltage should be limited in order to not damage the field winding insulation and the power semiconductor of the static switch. It is a normal practice to limit the maximum overvoltage below the 80% of the insulation voltage in order not to damage the winding. On the other hand the maximum overvoltage should be limited below the blocking voltage of the semiconductors.
The greater overvoltage, the faster de-excitation process. Therefore the value of the discharge resistor should be carefully selected, to limit the maximum overvoltage having a rapid de-excitation.
In these generators the discharge resistors used are nonlinear resistors [4] of silicon carbide that improves the response compared with a linear resistor. The maximum overvoltages are limited to 400 and 1120 V respectively for the generator 1 and 2 in which the HSBDS have been tested. The original excitation systems with a DC exciters were changed and substituted by a brushless exciters. The new excitation scheme installed is based on the HSBDS with an AVR SmartGen type, as shown in Fig. 6 .
V. COMMISSIONING OF HSBDS IN
The control circuit measures the voltage of the diodes bridge, so when the voltage is inverted, the static switch is turned off, and the non-linear discharge resistor (R d ) is connected. An exciter discharge resistor (R d_exc ) was installed inside the exciter cabinet to demagnetize the exciter.
The main characteristics of the generator and the exciter are detailed in Table 1 and 2 respectively in the Appendix.
A. Static switch and resistor sizing
Several commercial semiconductor switches were used as static switch. In order to reach a higher current capacity, several semiconductor were connected in parallel. The semiconductor (1), the discharge resistor (2) and the testing brushes (3) are displayed in Fig. 7 . 
B. No-load tests
During these tests the generator operates at full speed, rated voltage and no-load. In this operational condition the exciter field breaker is open. The main generator voltage (U gen ) during the de-excitation process is shown in the Fig. 8 .
The de-excitation time constant for a conventional brushless excitation is 3.965 s. This test has been performed using the disconnector, so the HSBDS is out of service.
The other tests were performed with the High Speed Brushless De-excitation System in operation. In these cases the semiconductors have a blocking voltage (U CEmax ) of 400 V and 1200 V respectively, obtaining de-excitation time constant of 1.057 s and 470 ms.
It can be observed that the de-excitation time constant is reduced, four times, in the first generator while the reduction is more than eight times in the second one. In the Fig. 9 the voltage in the field winding is represented. In the case of a conventional brushless excitation, the rotor voltage decrease to a voltage close to zero, corresponding to the voltage drop in the diodes while operating in freewheel mode. In case of the HSBDS with semiconductor with U CEmax of 400 V, the maximum overvoltage is almost the rated excitation voltage. On the other hand in the case of semiconductors with U CEmax of 1200 V, the maximum overvoltage is almost twice the rated excitation voltage.
VI. CONCLUSIONS.
In the development of the High Speed Brushless Deexcitation System (HSBDS) one of the problem is the rotating operation of the components, especially the semiconductor used as static switch.
The new de-excitation system for brushless synchronous machines has been designed, built, commissioned and tested in two 20 MVA commercial hydro generators.
In the first generator low voltage blocking semiconductors (400 V) were used as static switch. The de-excitation time constant was reduced from 4 s to 1 s.
In the second generator the de-excitation time constant was reduced more than eight times in comparison to the same machine with a conventional brushless excitation. This improvement has been obtained thanks to the use of semiconductor with a larger blocking voltage (1200 V), so it is possible the de-excitation of the field winding quicker as the discharge resistor could be increased.
This second 20 MVA hydro generator has been in commercial operation with the HSBDS for six months, which validate the operation of this type of semiconductor under rotating operation in a large power synchronous generators. 
APPENDIX
